Acid-sensing ion channels (ASICs) are cation channels activated by protons. ASIC1a, a primary ASIC subunit in the brain, was recently characterized in the olfactory bulb. The present study tested the hypothesis that ASIC1a is essential for normal olfactory function. Olfactory behavior of wild-type (WT) and ASIC1−/− mice was evaluated by using three standard olfactory tests: (1) the buried food test, (2) the olfactory habituation test, and (3) the olfactory preference test. In buried food test, ASIC1−/− mice had significantly longer latency to uncover buried food than WT mice. In olfactory habituation test, ASIC1−/− mice had increased sniffing time with acidic odorants. In olfactory preference test, ASIC1−/− mice did not exhibit normal avoidance behavior for 2, 5-dihydro-2, 4, 5-trimethylthiazoline (TMT). Consistent with ASIC1 knockout, ASIC1 inhibition by nasal administration of PcTX1 increased the latency for WT mice to uncover the buried food. Together, these findings suggest a key role for ASIC1a in normal olfactory function.
Introduction
Acid-Sensing Ion Channels (ASICs) are members of the Degenerin/ Epithelial Na+ channel (DEG/ENaC) superfamily [1] [2] [3] [4] [5] . Reductions in extracellular pH activate these channels in neurons of the central nervous systems (CNS) and peripheral sensory systems. ASICs respond to extracellular pH drop (∼7.0 or lower) by conducting transient inward currents, which causes membrane depolarization and neuronal excitation. Currently, there are six known isoforms: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 and ASIC4 [6] [7] [8] .
ASIC1a, ASIC2a and ASIC2b are predominant ASIC subunits located in the majority of CNS neurons [8] [9] [10] . ASIC1a subunits are abundant in the cerebral cortex, hippocampus, and olfactory bulb [2, 11, 12] . Activation of ASIC1a has been demonstrated to play an important role in learning/memory and fear conditioning [11, 12] .Other potential functions have yet to be determined. The olfactory bulb is responsible for sending olfactory information to the amygdala, orbitofrontal cortex and the hippocampus for further processing [13] . The electrophysiological and pharmacological properties of ASICs in the mitral/ tufted cells of the olfactory bulb have been well characterized in our recent study [14] . However, the involvement of ASICs in olfactory behavior remains unknown. In the present study, we evaluated the performance of ASIC1−/− and wild-type (WT) mice in commonly used behavioral paradigms that assess the function of olfactory system. Our data strongly suggest that ASIC1a plays an important role in normal olfactory function.
Materials and methods

Animals
C57BL/6 mice were purchased from Charles River Laboratory (Wilmington, MA) and ASIC1−/− mice with a generic C57BL/6 background were generated in house [11, 15] . In general, male mice at least eight weeks of age were used. Mice were housed with a 12-h lightdark cycle and ab libitum access to food and water except for fasting period during buried food-tests. All experimental procedures were approved by Morehouse School of Medicine Institutional Animal Care and Use Committee. All animals were treated humanely in accordance with the Guide for the Care and Use of Laboratory Animals.
Chemicals/Compounds
Zinc gluconate was purchased from Fisher Scientific (Waltham, MA) and dissolved in deionized water with a final concentration of 33 mM, as described in previous studies [16] . PcTX1 was manufactured by Peptide International (Louisville, KY) and diluted to a final concentration of 1 μM in PBS. 2, 5-dihydro-2, 4, 5-trimethylthiazoline (TMT) was purchased from Sigma-Aldrich (St. Louis, MO) and diluted in deionized water to a final concentration of 8%, the concentration commonly used in the literature [17] . Peanut butter extract was purchased from J.R. Watkins (Winona, MN) and diluted to a final concentration of 8%.
Buried food test
ASIC1−/− and WT mice, at least eight weeks of age, were used for the buried food test (BFT) to detect olfactory impairments [18, 19] . Two days before the test, ∼1.5 g of Elfin Crackers (Kellogg's, Battle Creek, NJ) was placed in the cage to determine if the food was palatable to the mice. All mice underwent an overnight fasting before testing. The location of the food was randomly placed daily. The latency to locate food was defined as the time between when the mouse was placed in the cage and when the mouse uncovered the food and grasped it in its forepaws and/or teeth. Animals were allowed to consume the food they uncovered and were returned to their home cage after testing. Mice that failed to uncover food within 10 min were scored with a latency of 600 s. The bedding in the testing cage was changed between trials and animals. The surface pellet test was identical to the buried food test except that the food was visible.
Olfactory habituation/dishabituation test
ASIC1−/− and WT mice, at least eight weeks of age, were used to detect odor discrimination. Non-social odors (i.e. distilled water, pure orange extract and acetic acid [J.R. Watkins, Winona, MN]) were used for the present studies. Odorants were diluted to final concentration of 1:1000 in distilled water [20] [21] [22] [23] . Mice were allowed a 30 min acclimation period before testing. The test was performed by inserting the cotton tipped applicator into the cage lid, and the cumulative time that mice spent sniffing the tip was recorded during the 2 min period. Sniffing was timed when the mouse orients towards the cotton-tipped applicator with its nose approximately 2 mm to the tip. Once a trial was completed, the cage lid was removed, and the applicator was changed to start the next trial.
Olfactory preference test
ASIC1−/− and WT mice, at least eight weeks of age, were used to determine which odorants are perceived as an attractant or repellant [23] [24] [25] . Mice were allowed a 10 min acclimation period before testing. 50 μl of an attractant odor (peanut butter extract) and 50 μl of the neutral scent (tap water) was pipetted onto the bedding next to a wall away from the mouse. The exploratory behavior was recorded within a 2 min time frame on a video camera. The avoidance test was performed in the same manner by applying 50 μl of the repellant odor (TMT) and 50 μl of water.
Zinc gluconate or PcTx1 nasal irrigation
Zinc gluconate treatment began an hour after baseline behavioral analysis using the BFT. Mice were held with proper restraint [16, 26] and 50 μl of 33 mM zinc gluconate solution was administered approximately 2 mm into the mouse's left nostril under light isoflourane anesthesia. About 15 min later, the same solution was administered into the right nostril. Experimentation began 1 h after treatment. Control mice were nasally irrigated with PBS.
ASIC inhibition
PcTX1 treatment began an hour after baseline behavioral analysis using the BFT. Mice were held with proper restraint and received intranasal irrigation of ASIC1 inhibitor, PcTX1 (50 μl, 1 μM) or PBS. Experimentation began 1 h after treatment.
Data analysis
Data are expressed as the mean ± SEM. ANOVA followed by a Newman-Keuls post-hoc test was used for statistical analysis. All statistical analysis was performed using Sigma Plot 12.0 and p < 0.05 is considered as statistically significant.
Results
Buried food test
In the present study, we first explored whether WT and ASIC1−/− mice differ in their capability to locate food. The BFT is a commonly used and reliable procedure that relies on the innate ability of the mouse to use olfactory cues for foraging [18, 19] . The main parameter is the latency to uncover palatable food, i.e. cookie, hidden beneath the bedding, within a given timeframe. We first tested the palatability of food, by leaving the cookie with mice overnight (see Materials and Methods section) and observed no difference between WT and ASIC1−/− mice, i.e., both groups consumed the whole cookie.
Both ASIC1−/− and WT mice found the buried food in less than 100 s over the trials, however ASIC1−/− mice were slower at finding the buried food compared to WT mice. The latency for trial 1 was significantly longer for ASIC1 −/− mice as compared to WT mice (68 ± 12.3 s for ASIC1−/− vs. 33.2 ± 6.8 s for WT mice, p < 0.05, n = 8-9, Fig. 1A ). Within genotypes, ASIC1−/− mice showed some improvement in their ability to find the food throughout 3 trials while WT mice, on the other hand, had similar latency throughout 3 trials. These findings suggest that ASIC1−/− mice have some deficit in uncovering buried food. Pooling the data of 3 trials together, we observed a two-fold increase in the latency of ASIC1−/− mice to find the buried food (55.1 ± 5.7 s vs 32.8 ± 3.5s; p < 0.01 [ Fig. 1B] ). Additionally, we conducted a surface pellet test. Surprisingly, we observed a significant two-fold increase in the latency to find visible food (17.7 ± 2.9 s vs 8.8 ± 2.2s; p < 0.05) in ASIC1−/− mice compared to WT mice. This finding also suggests that ASIC1−/− mice may have difficulties in perceiving emitted odors.
Olfactory habituation/dishabituation test
To further assess the deficit in olfactory function of ASIC1−/− mice, we used the habituation/dishabituation test, which relies on animal's ability to explore novel odors and to distinguish between different odors. Both genotypes were able to habituate to different odors after repeated exposures ( Fig. 2A-C) . However, compared to WT mice, ASIC1−/− mice showed a significant increase in their investigation time to orange extract (8.5 ± 1.7 s vs 3.4 ± 1.1s; p < 0.01) and acetic acid (2.9 ± 1.4 s vs 0.68 ± 0.5s; p < 0.01), respectively ( Fig. 2B and C) . These findings further suggest that ASIC1−/− mice have impairments in their odor sensitivity.
Olfactory preference test
We next examined whether ASIC1−/− mice have impairments in their ability to perceive odors as pleasant or aversive. We used the olfactory preference test, which measures whether animals spend significantly longer time investigating an odorant versus water (attraction) or significantly less time versus water (avoidance). In this study, mice were tested for their investigative behavior for peanut butter or 2, 5-dihydro-2,4,5-trimethylthiazoline (TMT). TMT is a synthetic compound derived from fox feces that induces innate fear and stress responses among rodents [27, 28] . Both genotypes showed attractive behavior for peanut butter and no significant differences in investigation time were observed (1. 6-2 s, Fig. 3A ). In the innate olfactory avoidance test (Fig. 3B) , however, ASIC1−/− mice had ∼4-fold increase in their investigation time with TMT compared to WT mice (0.55 ± 0.2 vs. 0.14 ± 0.1 s; p < 0.05).
Effect of nasal irrigation of PcTX1 on olfactory function
To further determine the role of ASIC1 in olfactory function, we studied the effect of nasal administration of PcTX1, an inhibitor of ASIC1a channels [27] [28] [29] , on olfactory function using the buried food test.
As a positive control, we first tested the effect of nasal administration of zinc gluconate, an agent known to inhibit olfactory function or cause anosmia (loss of smell) [16, 30] . 1 h after nasal administration, zinc gluconate-treated mice displayed a dramatic increase in the latency for uncovering the buried food (Fig. 4) . A significant difference was observed between experimental group (417.1 ± 110.1 s) vs baseline performance (59.3 ± 13.6s; p < 0.05). 1 h after nasal administration, PcTX1-treated mice also displayed an increase in the latency for uncovering the buried food (Fig. 5) . The mean latency for experimental group (145.3 ± 21.5 s) was significant higher than baseline performance (83.3 ± 8.7s; p < 0.05).
Discussion and conclusion
In the present study, we examined whether ASIC1a plays a role in normal olfactory behavior/function. We first used ASIC1−/− mice to evaluate the function of ASIC1a in the olfactory system by performing different olfactory behavioral tests that included buried food, olfactory habituation/dishabituation and olfactory preference. The buried food test examines the mouse's ability to identify and locate palatable food using olfactory cues, whereas, in the habituation/dishabituation test, mice were exposed to different non-social odors to evaluate their ability to detect and differentiate odors. The olfactory preference test examines the ability of mice to recognize attractive or aversive odors. Lastly, zinc gluconate and PcTX1 were applied through intranasal administration to evaluate their effects on the outcome of BFT. A key finding of this study is that ASIC1−/− mice performed poorly in all olfactory paradigms examined compared to WT mice.
Mice can be evaluated for different aspects of olfactory functions including odor discrimination, odor threshold, and odor identification [31] . Unlike humans, rodents have two distinct olfactory pathways: the main olfactory system and the accessory olfactory system. Both are important in the detection of odors, having completely different but overlapping roles. The main olfactory system is vital in the detection of odors in the environment and the accessory olfactory system plays a key role in pheromone recognition [32] . Odor detection is highly associated with olfactory threshold. Hummel et al. found that odor threshold declines drastically with age compared to other odor modalities [33] . In our study, we first used a simple and common method to test olfactory detection, the buried food test. The finding that ASIC1−/− mice took a significant longer time in uncovering the buried food provided the initial evidence that ASIC1 plays a role in olfactory detection. We then used olfactory habituation/dishabituation test to further explore the difference between WT and ASIC1−/− mice. The deficits in habituation/dishabituation test were clearly seen in ASIC1−/− mice as indicated by an increase in investigation time compared to WT mice.
Since a single sniff of an odorant is sufficient to cause a complex odor detection and discrimination, it has been suggested that a prolonged sniffing is a sign of deficits in odor discrimination and/or detection [34] . Rodents display innate avoidance behavior towards predators' odors [35] [36] [37] [38] and they also avoid spoiled food smells [39] , such as aliphatic acids [36, 38] , aliphatic aldehydes [40] and alkyl amines [41] . Conversely, rodents show attractive behaviors toward food smells and conspecific odors [42] . ASIC1−/− mice did not find aliphatic acids, specifically acetic acid and pure orange extract to be offensive smells. Based on this, we used olfactory preference test to provide further assessment of mouse's olfactory functions, in addition to odor detection and discrimination tests. We found that ASIC1−/− mice failed to exhibit normal avoidance behavior for TMT, as evidenced by a significant longer investigation time compared to WT mice. These findings further support the notion that ASIC1−/− mice have some form of olfactory impairments.
Intranasal application of zinc sulfate is a widely accepted method to produce anosmia in olfactory studies. While it most likely affects odor transduction, the mechanism has not been fully elucidated. Some studies have suggested zinc effect on olfactory epithelium and that high concentrations (10-30 μm) can be neurotoxic [43] [44] [45] [46] [47] . Other studies have shown that zinc gluconate is effective in causing anosmia without the detrimental effects of zinc sulfate [16, 30, 48] . Interestingly, zinc has been shown to inhibit the functions of ASIC1a containing channels, which action might have contributed to its inhibition of the olfactory function [49] . Nevertheless, in our study, mice that received intranasal applications of zinc gluconate showed a dramatic increase in the latency of uncovering the buried food.
Consistent with ASIC1 knockout, intranasal administration of ASIC1 inhibitor PcTX1 to wild-type mice resulted in olfactory deficits: PcTX1-treated animals had a longer latency in uncovering the buried food compared with animals treated with PBS. The present study mainly focuses on the involvement of ASIC1a in olfactory function. Future studies may determine how irrigation of broad ASIC inhibitors such as amiloride or diminazene [50] affects the olfactory function.
The mechanism whereby ASIC1a deficiency leads to olfactory impairments in mice is unknown. Waldmann et al. have demonstrated exceptionally high levels of ASIC1a mRNA in the olfactory bulb [2] . Immunolabeling studies have shown particularly prominent ASIC1a expression in the olfactory tubercle, glomerular layer and within the glomeruli [12] . Our previous studies revealed the presence of ASIC1a, ASIC2a and ASIC3 in the mitral/tufted cells of the olfactory bulb and characterized the electrophysiological and pharmacological properties of these channels [14] . In addition, ASIC1a is also expressed in brain regions such as hippocampus, amygdala and piriform cortex that are important for higher level odor processing [11, 12, 51] . These regions are important for odor identification, odor memory and odor-induced behavior [52, 53] . Additional studies need to be performed to examine ASIC1a expression in cortical areas that process olfactory information such as the orbital frontal cortex, anterior olfactory nucleus, and the entorhinal cortex [54] .
How ASIC1a contributes to olfaction requires further investigation. It is not clear whether ASIC1a functions through the canonical adenylyl cyclase 3 mediated-cAMP olfactory signaling pathway or via a direct membrane depolarization of the olfactory sensory neurons. Nevertheless, the present study disclosed an important function of ASIC1a in normal olfactory function. The underlying mechanism has yet to be determined.
